Inspired by the recent observation of a narrow resonance-like structure around 2360 MeV in the pn → dπ 0 π 0 cross section, the possibility of forming a N N * (1440) quasi-molecular state is investigated by using a meson exchange model in which the π, σ, ρ and ω exchanges in t-and u-channels are considered. By adopting the coupling constants extracted from the relevant N N scattering and N * (1440) decay data, it is found that a deuteron-like quasi-molecular state of N N * (1440) with a binding energy in the range of 2 ∼ 67M eV can be formed. Therefore, it is speculated that the observed structure around 2360 MeV might be or may have a large component of the N N * (1440) quasi-molecular state.
physics is missing in such a mechanism. Thus, a sequential mechanism was proposed to explain the deuteron spectrum of the n + p → D(ππ) process, namely the nucleon can firstly be excited into Roper resonance N * (1440), and then the resonance decays into Nππ and ∆π subsequently [8] .
On the other hand, the deuteron is a unique B=2 state which has been confirmed in the experiment at this moment, where B stands for the baryon number. Actually, after three decades of experimental efforts, we have never found any decisive sign for the existence of a B=2 state other than the deuteron. Recently, the CELSIUS-WASA Collaboration observed a narrow resonance-like structure around 2360 MeV in the data set of the pn → dπ 0 π 0 total cross section [9] . Since such an energy is fairly close to the NN * (1440) threshold, and N * (1440) has the same quantum numbers as the Nσ system and would couple to Nσ strongly, this phenomenon awakens our interest in exploring the possible existence of a NN * (1440) quasi-molecular state, which is an analogue of the deuteron.
In order to carry out such a study, the hadron-hadron interaction should be known before hand. The hadron-hadron interaction used to be studied in the hadron degrees of freedom. Since the QCD theory emerged in the 1970s, such an interaction has further been investigated in the quark degrees of freedom, where the hadron-hadron system is considered as a multi-quark cluster system. One of the models in this category, which can basically explain the experiment data, is called constituent quark model (CQM). In this model, the quark-quark interaction can be described by the one-gluon-exchange (OGE) potential in the short-range, the scalar-and pseudoscalar-meson-exchange potentials in the medium-range interaction, and the phenomenological confinement potential in the long-range.
However, because of the property of the non-Abelian group, the non-perturbative effect of QCD still cannot be taken into account accurately up to now. For simplicity and efficiency, the method in the framework of the hadron degrees of freedom is still widely used in the hadron physics investigation. In this framework, the hadron is assumed as a point-like particle, and the hadron-hadron interaction is supposed to be originated from exchanges of various mesons whose masses and coupling forms with various hadrons are different. A typical theoretical model is the Bonn meson-exchange model which has intensively been studied over years. By employing this model, a large amount of nucleon-nucleon interaction data, such as the deuteron property, scattering phase shifts and reaction cross sections, can be well described [10] . This model has also been adopted to study the baryon-baryon interaction in the coupled channel approach, although the result was not accurate enough due to too much approximation [11] . Recently, a simplified one-pion-exchange model was used to study systematically the deuteron-like meson-meson bound state, called deuson, some possible S-wave molecular-like states in the meson-meson interaction were predicted [12, 13] .
The interaction of Λ(1405) with a nucleon was studied from the viewpoint of chiral dynamics and a possible quasi-bound state was found [14] .
In this paper, the Bonn meson-exchange model is extended to the NN * (1440) system so that the binding property of the system can be studied. The paper is organized in the following way: The derivation of the non-relativistic N-N * (1440)potential is briefly introduced in section II, and the model parameters are extracted from the available data in section III. In section IV, the numerical result and discussion are given. Finally, the summary is presented in section V.
II. BRIEF FORMULISM
The basic Feynman diagrams of the N-N * (1440) interaction are shown in Fig.1 . In the Bonn meson-exchange model, there are six mesons ( π, σ, ρ, ω, δ and η) to be considered.
Recently, by fitting the experimental data, one showed that only four of them, namely π, σ, ρ, and ω, have relatively large coupling with NN * (1440) [15] . Clearly, the π-and σ-meson exchanges would be responsible the the long-range (r 2 fm) and the intermediate-range(1 fm r 2 fm) interactions, respectively, and the ρ-and ω-meson exchanges would provide the core-range(r 1 fm) interaction.
The effective Lagrangians of the meson-N-N * (1440) interaction for various mesons read
The forms of the effective Lagrangians of the meson-N-N or meson-N * -N * interaction are the same as those of the meson-N-N * (1440) interaction, except the spinor. Now, we consider a NN * (1440) system whose quantum numbers are the same as those of the deuteron, namely I = 0, J P = 1 + . Since N * is also an isospin doublet, one can write the |NN * or |N * N state as
and its overlap as
Consequently, one can further write the wave function of the NN * (1440) system as
and the normalization as
Apparently, each term in the above equation contains four non-equivalent Feynman diagrams. All together, Eq.(9) contains eight non-equivalent Feynman diagrams, as shown in Fig.2 . Among them, the first four are u-channel diagrams and the rest are t-channel diagrams.
FIG. 2: 8 non-equivalence Feynman diagrams in Ψ|Ψ .
Next, we derive the N-N * potential for the above mentioned diagrams according to the quantum scattering theory. The relativistic S-matrix for a scattering process reads
where M f i denotes the scattering amplitude from the i state to the f state, or the Lorentzinvariant matrix element between the i state and the f state. On the other hand, by applying
Bonn approximation on the Lippmann-Schwinger equation, the S-matrix reads
with V f i being the interaction potential. Considering the different normalization conventions used for the scattering amplitude M f i and for the T -matrix T f i , and consequently V f i , we have
where P f (i) denotes the four momentum of the final (initial) state.
Let us use, in the center mass system, P 1 (E 1 , p) and P 2 (E 2 , − p) to represent the four momenta of the initial particles, P 3 (E 3 , p ′ ) and P 4 (E 4 , − p ′ ) to denote the four momenta of the final particles, respectively. And then,
should be the transferred four momentum or the four momentum of the meson propagator.
For convenience, we always use
and
instead of p ′ and p in the practical calculation.
In terms of the Feynman rules, the Dirac spinor
and the nonrealistic reduction
the scattering amplitude caused by the π-meson exchange can be written as
and the scattering amplitude induced by the σ-meson exchange can be expressed by
The scattering amplitudes arisen from the ω-and ρ-meson exchanges can be derived in the same way. Their forms are quite similar to those of the π-and σ-meson exchanges. To reduce the length of the paper, they will not be presented here. It should be mentioned that because of the mass difference between N and N * , there would be a so-called "effective mass" M π,σ,ρ,ω in the amplitude formula
Moreover, in the derivation, the term with symmetric combination ( σ 1 + σ 2 ) which leads to a spin-orbital term S · ( q × k) is remained, while the term with asymmetric combination
, a meson-exchange potential in the momentum space, V ( q, k), can be obtained.
Further making Fourier-transformation, the N-N * (1440) potential in the coordinate space, V M (r), can be derived. It should be pointed out that because the mass of the π-meson is relatively small, the Fourier transformation of the π-meson-exchange potential would be a complex function, which implies that the off-shell effect of the exchanged pion would induce other reaction channels. Since what we are interested in is the elastic scattering, as an approximation, the imaginary part of the potential can temporarily be dropped, which is consistent with the treatment in Ref. [12] . For instance,
with
Considering the finite size effect of N (N * ), similar to the derivation of the Bonn potential, a form factor
with Λ being the cutoff parameter and
is adopted to suppress the high momentum contribution in the relatively lower energy scattering. Then the ultraviolet divergence in the Fourier transformation can be eliminated, and the potential in the coordinate space at small r is remained finite. Finally, the potential of the N-N * (1440) interaction can be written as
where V C , V LS and V T denote the total central, spin-orbital and tensor potentials,
represent the potentials induced by the π-, σ-, ρ-and ω-meson exchanges, respectively. The explicit forms of F αt , F αu , F αtβ and F αuβ are shown in the Appendix.
As to the cutoff parameters Λ α (i.e. Λ in Eqs.(25,26)), it is reasonable to take the values used in the Bonn N-N potential temporarily at the very beginning (Λ π = 1.3GeV , Λ σ = 1.1GeV , Λ ρ = 1.3GeV and Λ ω = 1.5GeV , which is called Set A Λ ) [10] , because
is an excited state of N and NN * (1440) has the same quantum numbers as the deuteron. However, comparing with N, N * (1440) has one p-wave excitation, we should check the rationality of this adoption, re-adjust Λ α s to some reasonable values (we will call it as Set B Λ ) and use them in the later calculation.
III. COUPLING CONSTANTS
Before realistic calculation, 18 coupling constants should be fixed, among them g πN N , The corresponding Feynman diagram is shown in the left diagram in Fig.3 . Based on this diagram, the coupling constant can be derived as Table I . In the same way, g σN N * (1440) can be extracted by fitting the branching ratio BR(N * (1440) → Nσ → Nππ) of 0.11 ∼ 0.13 [16] . The corresponding Feynman diagram is shown in the right diagram in Fig.3 . Based on this diagram, the coupling constant can be written as
with factor E being
Extracting the value of the coupling constant for the ρ-meson is somewhat complicated.
There are two types of coupling modes in the ρ-N-N * interaction, thus two coupling constants, the vector type coupling constant g ρN N * (1440) and the tensor type coupling constant f ρN N * (1440) , should be fixed. To do so, we need two experimental values. Here, we choose the partial widths of the N * (1440) → Nρ → Nππ and N * (1440) → Nγ (I γ = 1) decays.
The former width can be obtained by multiplying the total width Γ N * (1440) of about 0.3
GeV and the branching ratio BR(N * (1440) → Nρ → Nππ) of < 8% [16] . In the practical calculation, taking BR(N * (1440) → Nρ → Nππ) = 2% would be reasonable. The later width can be calculated by the following equation
with A can write the partial decay widths for these processes as
where the factors c i can be written as
respectively, and the ργ coupling constants g ργ is given by [17] 
with f 2 ρ /4π = 2.7. Solving coupled Eqs. (36) and (37), we can obtain the values of g ρN N * (1440) and f ρN N * (1440) . We tabulate them in Table I as well.
To get more information about the ρ-N-N * coupling, we also arrange for the cases in which only one ρ-N-N * coupling mode, either the vector or the tensor, exists. In these cases, one value of the partial decay width would be enough to fix either g ρN N * (1440) or f ρN N * (1440) . Then, the corresponding partial width formulas become
Substituting the measured partial decay width into the above equations, we obtain the value of g ρN N * (1440) or f ρN N * (1440) . We also list them in Table I . to this diagram, we can calculate the partial decay width by using
Meanwhile, we can write the partial decay width formula as
In the last equation, we roughly take f Based on the uncertainties of the data, both the total width of N * (1440) and the measured branching ratios for the above mentioned processes, we further tabulate corresponding partial widths and, consequently, the extended ranges of the extracted coupling constants in Table II . To get a comprehensive impression, we plot the upper and lower bounds of the potentials, caused by the uncertainty of the partial decay width data, in the cases 1V and 2V in Fig.6 , in the cases 1T and 2T in Fig.7 , and in the cases 1VT and 2VT in Fig.8 , respectively.
The solid and dashed curves denote the upper and lower bounds of the central potential,
while the dotted and dash-dotted curves represent the upper and lower bounds of the tensor potential. From these curves, one sees that for the central potential, although a strong repulsion appears in the small r region, an even stronger attractive effect in the medium and large r regions might bring N and N * (1440) together to form a bound state. The tensor potentials in the case 2, no matter with which ρ coupling mode, are stronger than those in the case 1, thus the D-state might couple to the S-state strongly, which is also beneficial for forming a bound state like in the deuteron case. Moreover, the strengths of the potentials in the cases with the T and VT coupling modes are closer but differ with that in the case with the V coupling mode, which implies that the tensor coupling mode in the ρ-N-N * (1440) interaction plays a more important role than the vector mode does. Thus, the binding properties of the N-N * (1440) system in the T and VT cases would be closer and would deviate from those in the V case.
We also plot the upper and lower bounds of the central potentials contributed by various mesons in the case 1V in Fig. 9 . The solid, dashed, dash-dotted and dotted curves denote the contributions from the π-, σ-, ρ-and ω-mesons, respectively. Clearly, the σ-meson provides a major attractive force which plays a key role in binding, the ρ-meson gives a weak attraction in the medium r region and a strong repulsion in the small r region, the contribution from π-meson shows a very weak attractive feature in the long distance and a strong repulsive character in the short and medium distance, and the ω-meson mainly provides a repulsion.
The corresponding characters in the T and VT cases are similar to these, we would not show them again. 
IV. RESULT AND DISCUSSION
Having the N-N * (1440) potential V ( r) in Eq.(27), we are able to study the binding property of the N-N * (1440) system by solving the Schrödinger Equation
where Ψ( r) is the total wave function of the system. The quantum numbers of the system we are going to study are the total spin S = 1 and the orbital angular momenta L = 0 and L = 2. Thus the wave function Ψ( r) should have a form of
where ψ S ( r) and ψ D ( r) are the S-wave and D-wave functions, respectively. In the matrix method, we use Laguerre polynomials as a set of orthogonal basis
with a normalization condition of
and expand the total wave function as
where φ S and φ D are the angular part of the orbital wave function and spin wave function for the S-and D-states, respectively, and a i and b i are corresponding expansion coefficients.
In the practical calculation, Eq.(46) is re-written, by detaching the terms related to the kinetic-energy-operator (∇ 2 ) from V ( r), as
and the effective potential
Then, with the wave function in Eq.(50), the Hamiltonian matrix can be expressed as 
In the above equations, V SS (r), V SD (r), V DS (r) and V DD (r) are taken to be V c (r), V T (r), V T (r) and V c (r) + V T (r), respectively. Diagonalizing this matrix, the binding energy and corresponding wave function of the NN * (1440) state can be obtained.
The resultant binding energies for the S-states with the coupling constants shown in Table I (with Set A Λ ) are tabulated in Table III . From this table, it is seen that with such a potential, no matter in which case and with which coupling mode, there might exist two bound S-states. One of them is a deeply bound state whose energy is close to the energy of the deuteron, and the other is a weakly bound state.
Contributions from various mesons to the binding energies of the obtained bound states in various cases with Set A Λ are shown in Table IV from the π-meson exchange, which also shows the repulsive character, and from the ρ-meson exchanges, whose character depends on the case, are much smaller than those from the σ-and ω-exchanges.
As mentioned previously, before realistically studying the binding property of the binding energies in the later two cases are comparable. For self-consistency, we would ignore the single V coupling mode in the later calculation. Moreover, the results in the Case 2 are generally larger than those in the Case 1. All these observations agree with the potentials shown in the previous section.
We also present the variational ranges of coupling constants with Set B Λ due to the uncertainties of the decay data for N * (1440) in Table VII binding energy of about a few hundred MeV is close to the energy level of the deuteron, it might couple to the conventional deuteron to form a realistic deuteron. Namely, this state would be a component of the real deuteron. Therefore, one may not be easy to observe it in experiment. However, the second bound state just has a binding energy of about a few tens of MeV, say 2MeV ∼ 67MeV in this calculation, it is possible to be observed in experiment. In fact, this state is very close to the newly observed resonance-like structure around 2360 MeV in the pn → dπ 0 π 0 reaction cross section data. Therefore, we speculate that the observed state may have a NN * (1440) structure.
V. SUMMARY
The meson-exchange model is extended to study the NN * = S · LF 5t0 (68) 
